Mutants of Rhizobium meliloti SU47 with defects in the production of the Calcofluor-binding exopolysaccharide succinoglycan failed to gain entry into alfalfa root nodules. In order to define better the polysaccharide phenotypes of these exo mutants, we analyzed the periplasmic oligosaccharide cyclic (1-2)-p-D-glucan and lipopolysaccharide (LPS) in representative mutants. The exoC mutant lacked the glucan and had abnormal LPS which appeared to lack a substantial portion of the 0 side chain. The exoB mutant had a spectrum of LPS species which differed from those of both the wild-type parental strain and the exoC mutant. The presence of the glucan and normal LPS in the exoA, exoD, exoF, and exoH mutants eliminated defects in these carbohydrates as explanations for the nodule entry defects of these mutants. We also assayed for high-and low-molecular-weight succinoglycans. All of the exo mutants except exoD and exoH completely lacked both forms. For the Calcofluor-dim exoD mutant, the distribution of high-and low-molecular-weight forms depended on the growth medium. The haloless exoH mutant produced high-molecular-weight and only a trace of low-molecular-weight succinoglycan; the succinyl modification was missing, as was expected from the results of previous studies. The implications of these observations with regard to nodule entry are discussed.
,-(1-2)-linked D-glucosyl residues (12, 26, 46) ] is a periplasmic oligosaccharide that has also been found in the culture supernatants of some strains (2, 47) . Recently, acidic, modified forms have been reported (3, 27, 37) . Finally, lipopolysaccharide (LPS) may also be involved in symbiosis. The analysis of mutants has suggested that EPS, 13-(1-2)-glucan, and LPS may all play roles in root nodule entry by Rhizobium species.
Mutants of Rhizobium meliloti (20, 31, 32, 38) , Rhizobium trifolii (9) , and Rhizobium sp. strain NGR234 (10) , which are deficient in the production of EPS (Exo-), form empty nodules that lack intracellular bacteria on their respective legume hosts. Of the R. meliloti mutants, the best characterized with regard to nodulation are exoH mutants. These form shepherds crooks (albeit, with a delay) and nodules that contain infection threads, although release of bacteria into the nodule cells is rare (31) . The exact defect in nodule entry for the remaining R. meliloti exo mutants is still unclear, although the formation of shepherds crooks and infection threads is absent or delayed (32) . In the cases of the R. trifolii and Rhizobium sp. strain NGR234 exo mutants, the nodule entry defect can be corrected for by the addition of poly-or oligosaccharides purified from culture supernatants of the corresponding wild-type parental strains (14) . In one instance EPS synthesis may be required for nodule formation; a mutation that blocks exopolysaccharide synthesis prevents nodule formation on peas by Rhizobium leguminosarum but does not affect nodulation of beans by Rhizobium phaseoli (5) .
R. meliloti mutants in the ndvB gene, which, by analogy with its Agrobacterium tumefaciens counterpart chvB (15, * Corresponding author. 16, 40 ) is likely to be involved in ,B-(1-2)-glucan synthesis, fail to enter nodules (17) . Furthermore, a mutant of R. meliloti generated by heat treatment fails to produce P-(1-2)-glucan in vivo and in vitro, lacks a 235-kilodalton inner membrane protein that is involved in the synthesis of P-(1-2)-glucan (48) , and forms empty nodules (22, 45) . These mutants induce root hair curling but no infection threads (17, 22, 45) .
Certain mutants of R. meliloti and R. phaseoli altered in LPS are also defective in nodule entry. The R. meliloti LPS mutantfix-21 forms mostly abortive infection threads which usually do not release bacteria (23, 30) . R. phaseoli mutants lacking a major component of the wild-type LPS (39) identified as the 0 side chain (7) induce root hair curling and infection thread formation, but bacteria are not released.
The EPS produced by R. meliloti SU47 and its derivatives RmlO21 and Rm5000 is succinoglycan, a polymer of octasaccharide subunits that contains seven ,B-linked glucose units and one 1-linked galactose, as well as approximately one 1-carboxyethylidene (pyruvate), one acetyl, and one succinyl group, per subunit (1, 29) . The fluorescent dye calcofluor, which stains succinoglycan, was used to isolate transposon TnS-induced mutants which were deficient in EPS secretion (32) . The wild-type parental strain forms fluorescent colonies on agar medium containing Calcofluor, while the colonies that do not secrete succinoglycan are nonfluorescent. The mutants belong to six genetic groups, as established on the basis of the ability of recombinant cosmids containing R. meliloti DNA to complement their Calcofluor phenotypes. exoA, exoB, exoC, and exoF mutants are Calcofluor dark and produce no succinoglycan, while exoD mutants are Calcofluor dim and produce a decreased amount of succinoglycan. exoH mutants form colonies on Calcofluor plates which lack the fluorescent halo in the agar medium surrounding the colony, which is characteristic of the wild-type strain. These mutants produce succinoglycan which lacks the succinyl modification (31) . The exoA, exoB, exoF, and exoH loci are clustered on the megaplasmid pRmeSU47b, while the exoC and exoD loci are on the chromosome (13, 21, 28) . Group E exo mutants, which could not be complemented (32) , have deletions in the exoAHFB region (18) . Recently, additional R. meliloti exo mutants defective in nodule entry have been reported; one class of mutants which lack succinoglycan is similar to ours, and one class produces nonpyruvylated succinoglycan (38) . It [32] , unless otherwise indicated) were the wild-type parent RmIO21, the exoA mutant Rm7061, the exoB mutant Rm7094, the exoC mutant Rm7025, the exoD mutant Rm7017, the group E mutant Rm7022, the exoF mutant Rm7O55, and the exoH mutant Rm7154 (31). Rm7025 was constructed by transducing (19) the neomycin resistance determinant from Rm7015 (32) into Rm1021. Salts-glutamate-mannitol medium has been described by Zevenhuizen and van Neerven (47) . M9-glutamate-mannitol medium was M9 medium (35) modified to contain 0.1% sodium glutamate instead of NH4Cl and 1% mannitol instead of glucose. Both mineral media were supplemented with biotin (1 mg/liter). L agar (35) and M9 agar containing Calcofluor were made as described by Leigh et al. (32) .
Isolation and analysis of carbohydrates. For the production of 3-(1-2)-glucan and EPS, cultures (250 ml in 1-liter flasks) were shaken at 200 rpm at 30°C for 6 days in salts-glutamatemannitol (or M9-glutamate-mannitol medium where specified), as described by Zevenhuizen and van Neerven (47) . Cultures were centrifuged at 17,700 x g for 30 min, and the EPS in the supernatants was fractionated on a column of Bio-Gel ASm (2.5 by 85 cm; Bio-Rad Laboratories, Richmond, Calif.) that was equilibrated with a solution containing 50 mM sodium phosphate and 100 mM NaCl (pH 7.0). After the beginning of the load, 65 ml of eluant was discarded before we began to collect fractions (7 ml each). ,B-(1-2)-Glucan was obtained by suspending rinsed cell pellets in 10 ml of H20, adding 30 ml of ethanol, heating the mixture to 80°C for 30 min, and removing debris by centrifugation at 48,000 x g (47) . The water-ethanol extract was dried, redissolved in 10 ml of H,0, and loaded onto a Sephadex QAE A50 column that was equilibrated with 5 mM NH4HCO3. The column was then rinsed with 5 mM NH4HCO3 followed by a gradient (5 mM to 1 M) of NH4HCO3. Fractions were assayed for carbohydrate by the anthrone-sulfuric acid method (34) . LPS analysis was performed by the method of Darveau and Hancock (11) . Cells for LPS extraction were grown in L broth (35) supplemented with 2.5 mM MgSO4 and 2.5 mM CaCl2.
Physical methods. For proton nuclear magnetic resonance (NMR) spectroscopy, the high-molecular-weight ASm frac- tions were pooled, dialyzed against H20, concentrated by lyophilization, and sonicated (41 (47) . We subjected RmlO21 cells to the same extraction procedure and fractionated the extract by anion-exchange chromatography. The major peak of anthrone-reactive material eluted with a low-salt rinse, suggesting a lack of acidic substituents. A proton NMR spectrum ( Fig. 1 ) of this fraction corresponded to that of a carbohydrate structure that had no nonsugar substituents and only one kind of anomeric proton. The chemical shift (4.9 ppm) of the signal that arose from the anomeric proton indicated a beta-anomeric configuration (8 LPS. We extracted LPS by the method of Darveau and Hancock (11) , which was found to give high yields of both the smooth and rough types of LPS. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis of RmlO21 LPS revealed two major and four minor bands (Fig. 2) . The banding patterns of the exoA, exoD, exoF, and exoH mutants were similar to that of RmlO21; differences in overall intensity were disregarded. In contrast, the exoB and exoC mutants each had a distinctly different pattern. The absence of slowly migrating LPS species in the exoC mutant suggests that there is a lack of a substantial portion of the 0 side chain. The similarity of the LPSs from the group E and exoB mutants presumably reflects the fact that the former has a deletion which eliminates the exoB region (18) . Interestingly, these LPS phenotypes correspond to the phage resistance patterns reported previously; the exoB and group E mutants are resistant to four of nine phages and the exoC mutants to all nine of nine phages which form plaques on Rm1021 (32) .
EPS. After our wild-type and mutant strains were incubated in a salts-glutamate-mannitol medium (47), the following levels of anthrone-reactive material accumulated in the supernatants (in micrograms of glucose per milliliter equivalents): Rm1021, 1,020; exoA, 10; exoB, 39; exoD, 85; group E, 8; exoF, 4; and exoH, 580. We detected no carbohydrate in the supernatant of the exoC culture. By fractionating the Rml021 culture supernatant on a Bio-Gel A5m column, we obtained two fractions of anthrone-reactive material which differed greatly in molecular weight (Fig. 3 ), in agreement with the results of Zevenhuizen and van Neerven (47) . The high-molecular-weight fraction eluted close to the void volume, while the low-molecular-weight fraction eluted close to the salt volume. Proton NMR spectroscopy indicated that both the high-and low-molecular-weight fractions consisted of fully acylated succinoglycan containing approximately one succinyl, one acetyl, and one pyruvate modification per oligosaccharide subunit (Fig. 4) . These results are in agreement with those of other workers who have reported that culture supernatants of many wild-type R. meliloti strains Note the different proportions of sample that were loaded. For RmlO21 and the exoH mutant, 4 ml of culture supernatant diluted with H20 to a final volume of 20 ml was loaded. For the remaining strains, approximately 125 ml (half of the total supernatant, concentrated by lyophilization) was used. wt is wild type.
contain, in addition to the succinoglycan polymer, a lowmolecular-weight acidic carbohydrate corresponding in structure to the repeat units of succinoglycan, although with some variation in acylation (2, 47) . To determine whether Calcofluor fluorescence was caused by one or the other fraction, we placed drops of both solutions on a fresh L agar-Calcofluor plate. Only the high-molecular-weight form developed a spot, with the bright blue-green fluorescence characteristic of the wild-type colony, and a halo. The low-molecular-weight form developed only a dull blue spot that faded with time.
Since the culture supernatants of most of the exo mutants contained a small amount of anthrone-reactive material, we were anxious to determine its identity. Size fractionation indicated that supernatants from the exoA, exoB, exoD, and exoF mutants contained only a low-molecular-weight fraction (Fig. 3) . For the exoA, exoB, and exoF mutants, we identified this material as P-(1-2)-glucan (the proton NMR spectra were nearly identical to that shown in Fig. 1) ; signals belonging to succinoglycan were not present. In contrast, the carbohydrate secreted by the exoD mutant was succinoglycan.
Since only high-molecular-weight succinoglycan from Rm1021 and not low-molecular-weight succinoglycan stained brightly with Calcofluor, the lack of secretion of high-molecular-weight succinoglycan by the Calcofluor-dim (partially fluorescent) exoD mutant grown on salts-glutamate-mannitol medium was surprising. We therefore analyzed polysaccharide from supernatants of cultures incubated in M9-glutamate-mannitol medium. The supernatant from RmlO21 contained 1,950 ,ug of glucose per ml equivalents, which we identified as high-molecular-weight succinoglycan. The supernatant from the exoD mutant contained 390 ,ug of glucose per ml equivalents, which consisted of approximately equal amounts of high-molecular-weight succinoglycan and low-molecular-weight carbohydrate. From the integral values of the anomeric protons in the NMR spectra (data not shown), we estimated that the low-molecular-weight material contained succinoglycan and ,3-(1-2)- glucan in a ratio of approximately 3:4 (carbohydrate monomers).
Supernatant from the exoH mutant contained predominately high-molecular-weight material, with an NMR spectrum corresponding, as expected (31) , to that of nonsuccinylated succinoglycan (data not shown). A small amount of low-molecular-weight material (Fig. 3) was also identified by NMR spectroscopy as nonsuccinylated succinoglycan.
DISCUSSION
The results of this study are summarized in Table 1 . Since the only carbohydrate defects we detected in the exoA, exoD, exoF, and exoH mutants were in succinoglycan, the nodule entry phenotypes of these mutants cannot be attributed to defects in P-(1-2)-glucan or LPS. Indeed, we can speculate that the three polysaccharides function at different steps during nodule entry, based on the nodulation phenotypes of the respective R. meliloti mutants. Normal succinoglycan may be required for sustained penetration of the infection thread into the nodule, since exoH mutants form nodules with abortive infection threads (31) . (Note, however, that the delay in shepherds crook formation and infection thread initiation observed with the exoH mutants may suggest a more complicated picture [31] ). The LPS mutantfix-21 has a similar morphological nodulation phenotype, except that infection threads occasionally penetrate into the central tissue of the nodule and release bacteria (23, 30) . The exoH and fix-21 mutants differ in the induction of nodule-specific plant gene expression; the exoH mutants induce only 1 of the 17 nodulins detectable in nodules formed by the wild-type strain, while thefix-21 mutant elicits almost the complete spectrum of nodulin gene expression (31).
1-(1-2)-Glucan may function at the level of infection thread formation (as opposed to continued penetration), since nodules formed by the ndvB mutant (17) or the heat-induced 3-(1-2)-glucan mutant (22, 45) lack these structures. In light of these results, a full characterization of nodulation by the exoC mutants which also lack ,B-(1-2)-glucan will be of interest.
The exoB and exoC mutants each had multiple carbohydrate defects. The exoB mutation affected LPS as well as succinoglycan synthesis. The exoC mutation affected LPS (different from both the wild type and the exoB mutant), 3-(1-2)-glucan, and succinoglycan. These findings may indicate that either one or both of these genes act in (different) early nonspecific steps, while the remaining exo loci contain genes specific for succinoglycan synthesis. For example, exoB or exoC could function in the synthesis of UDP-glucose or UDP-galactose. These sugar-nucleotides serve as substrates in vitro for the synthesis of a lipid-bound succinoglycan subunit (43, 44) (30) .
We found that the low-molecular-weight fraction of succinoglycan does not stain brightly with Calcofluor. Perhaps the small molecules fail to provide a sufficient number of binding sites for the stain or lack the appropriate secondary or tertiary structure. This finding raised the possibility that some of the Calcofluor-dark mutants produce low-molecular-weight but not high-molecular-weight succinoglycan, possibly because of a defect in polymerization. However, all of the Calcofluor-dark mutants lacked both fractions.
The nodule entry defect of the exoH mutant could be a direct result of the lack of succinylation of succinoglycan, or, consistent with its haloless phenotype on Calcofluor agar, it could be attributable to a lack of a low-molecularweight diffusible form of succinoglycan which normally forms the halo (31) . Although our failure to observe bright Calcofluor staining of low-molecular-weight succinoglycan does not support the idea that the low-molecular-weight fraction per se forms the halo, we did find that the exoH mutant produces only a trace of low-molecular-weight succinoglycan (Fig. 3) . Therefore, either the lack of succinylation or the lack of low-molecular-weight succinoglycan could explain the nodule entry defect.
On salts-glutamate-mannitol medium, the exoD mutant produced a small amount of succinoglycan, and that was only the low-molecular-weight form. The absence of the high-molecular-weight form or the relatively small amount of the low-molecular-weight form are both possible explanations for the nodule entry defect. The fluorescence of colonies of the exoD mutant on L agar and M9 agar containing Calcofluor may reflect the fact that the exoD mutant, like the wild-type strain RmlO21, also produces high-molecularweight succinoglycan in M9-glutamate-mannitol medium. We are currently determining the critical differences in composition of the two media that may account for the differences in the production of succinoglycan size fractions.
A. tumefaciens, like R. meliloti, produces succinoglycan and cyclic P-(1-2)-glucan (12, 24, 25, 26) . Cangelosi et al. (6) isolated 
